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Excited states of the odd–odd nucleus 74As have been investigated via heavy ion fusion evaporation
reaction 70Zn(7Li,3n)74As at beam energy of 30 MeV. The properties of the positive- and the negative-
parity bands can be interpreted in terms of the Cranked Nilsson–Strutinsky (CNS) model calculations
which show that the observed bands are built on the triaxial deformed shape. The inversion of the
favored and unfavored signature branches observed in the positive-parity bands presents at high spins
rather than normal signature inversion occurs at low spins. This phenomenon may be explained as the
origin of unpaired band crossing in a highly rotating triaxial nucleus.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Most deformed nuclei are axial symmetric in the ground states.
The axial asymmetry shape has been often observed in transitional
nuclei, particularly in their high spin states. A direct evidence of a
rigid triaxial deformed shape is provided by the wobbling mode
[1], which has already been identiﬁed in a number of even-N Lu-
isotopes [2,3]. The signature inversion observed in spectroscopy
measurements supplements indirect evidence for the triaxial nu-
clear shape. The signature α, which is associated with the D2
symmetry of intrinsic shapes, is usually to characterize the rota-
tional band with the relation I = α + 2n (n = 0,1, . . .). It has been
suggested that the signature inversion, i.e., the interchange of the
energetically favored and unfavored signature branches, might be
the ﬁngerprint for a triaxial shape in nuclei [4]. Although such ef-
fect may arise from other structural changes than nuclear triaxial-
ity, the reﬁned projected shell model concludes that it is primarily
the triaxiality which determines the magnitude of signature split-
ting and the occurrence of signature inversion, and the residual
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SCOAP3.interactions merely modify the position where the inversion oc-
curs [5].
The triaxiality has been well established in several mass re-
gions, but the rigid triaxial deformation in low lying states still
remains open. There have been an argument challenging this ap-
proach that the rigid triaxiality in the ground state does not exist
in any nucleus [6,7]. The recent global calculations with the ﬁnite-
range liquid-drop model have turned out the ground states of a
few hundreds nuclei being affected by the axial asymmetry [8]. In
the regions with Z ∼ 44, N ∼ 64 and Z ∼ 62, N ∼ 76 and Z ∼ 78,
N ∼ 116, the triaxial deformation of the low-lying states is mani-
fested by the γ bands. In the A ∼ 80 region, several Ge, Se isotopes
are experimentally claimed to possess triaxial deformed shapes in
the ground states [9,10]. However it is diﬃcult to distinguish the
γ -soft or γ -rigid deformation. From the theoretical point of view,
the analysis with the total routhian surface calculations in Ref. [11]
or the Skyrme–Hartree–Fock plus BCS and Gogny–Hartree–Fock–
Bogoliubov models in Ref. [12], suggests that most of the Ge and
Se isotopes are γ -soft in the ground states. Recently, the 7632Ge has
been suggested to be rigid triaxial deformed in the low-lying states
by analyzing the energy level pattern of the γ band [13]. Arsenic
isotopes, in the vicinity of doubly-even Ge and Se isotopes, are anunder the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
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states as well.
As a part of systematic study of the structure of odd–odd As
nuclei, the high spin structure of odd–odd 7433As is investigated in
this Letter. Prior to this work, the properties of low-lying states
up to (7+)h¯ and (7−)h¯ states in 74As were experimentally inves-
tigated from the (α,npγ ) reaction [14], the (p, n) reaction [15,16],
the (p,nγ ) reaction [17–20], and the transfer reaction [21,22]. The
major aim of the present work is to extended the level scheme,
as well as to investigate the development of nuclear shapes of
74As with increasing spin. The theoretical interpretation of level
structure in 74As is performed in the frame work of the cranked
Nilsson–Strutinsky model (CNS).
2. Experiment
The high-spin states in 74As were populated by fusion-evaporatio
reaction 70Zn(7Li,3n)74As at a beam energy of 30 MeV. The exper-
iment was performed at HI-13 tandem accelerator of the China
Institute of Atomic Energy (CIAE). A 2.15 mg/cm2 70Zn foil, backed
on a 0.93 mg/cm2 gold foil, was used as the target. Twelve Comp-
ton suppressed HPGe detectors and two planar HPGe detectors
were employed to detect the de-excited γ -rays from the reac-
tion residues. Approximately 9.2× 107 two folds γ –γ coincidence
events were collected in event-by-event mode, and sorted off-line
into a symmetrical matrix with a dispersion of 0.5 keV/chan-
nel. The matrices were analyzed by GASPware programs [23],
developed at National laboratory of Legnaro (Italy). In order to
determine the multipolarities for γ -transitions, the directional cor-
relation of oriented (DCO) nuclei ratios were extracted from an
asymmetric DCO matrix created by sorting the data with the de-
tectors at ∼ ±40◦ on one axis and the detectors at ∼90◦ on the
other axis. For the present geometry, the DCO ratios for stretched
E2 transitions as well as for pure M1 I = 0 transitions are ex-
pected to be approximately unity, while I = 1 transitions yield
ratios of about 0.6 by gating on the stretched electric quadrupoleFig. 2. Background-corrected coincidence spectrum obtained by gating on (a) the
280.5-keV γ -ray transition; (b) the 271.5 keV-γ -ray transition; (c) the 153.0-keV
γ -ray transition; Peak associated with 74As are labeled with their energies in keV.
(E2) transitions. Gates on pure I = 1 transitions result in DCO
ratios of approximately 1.0 and 1.6 for I = 1 and stretched E2
transitions, respectively.
3. Results and discussions
The level scheme of 74As deduced from the present work is
displayed in Fig. 1. Fig. 2 shows the spectra in support of the pro-
posed level scheme. The transition energies, relative intensities,
DCO rations and spin/parity assignments are shown in Table 1.
As shown in Fig. 2, all transitions of 74As observed in the previ-
ous study [14] have been conﬁrmed and new γ -rays have been
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Energies, relative intensities, DCO ratios, initial and ﬁnal state spin-parities of γ
transitions assigned to 74As in the present work.
Eγ (keV) Iγ a RDCOb RDCOc Iπi → Iπf
55.9d 58.7(19) (5+) → 4+
63.8d 34.5(25) 5− → 4−
76.1d 76.8(72) 4+ → 3−
79.2d 50.0(55) (7+) → (6+)
88.5d 12.5(16) 4− → 3−
153.0 10.3(7) 1.08(17) 7(−) → 6(−)
183.0 100(3) 1.13(8) 0.66(11) 3− → 2−
201.2 79.5(31) 1.14(3) 0.66(6) (6+) → (5+)
211.6 35.8(12) 0.88(7) 0.63(2) 6(−) → 5−
217.8 4.9(4) 1.44(8) 1.10(8) 6(−) → 6(−)
248.3 1.2(2) 1.03(16) 0.61(9) 8(−) → 7(−)
271.5 35.2(6) 1.64(7) 0.99(11) 4− → 2−
280.5 21.6(32) 1.51(10) 1.09(11) (7+) → (5+)
342.0 1.0(9) 0.93(9) 0.54(14) (9+) → (8+)
345.9 0.2(3) 8(−) → 7(−)
401.9 0.6(2) 7(−) → 7(−)
429.4 3.1(2) 0.60(5) 6(−) → 5−
434.7 1.2(1) 0.47(7) 7(−) → 6(−)
485.9 0.3(1) 1.05(13) (9+) → (8+)
498.4 15.0(9) 0.99(5) 0.51(23) (8+) → (7+)
499.5 1.9(1) 1.32(12) 1.04(13) 7(−) → 7(−)
530.5 0.5(1) 0.99(12) (10+) → (9+)
571.5 10.2(7) 1.01(6) 0.63(4) (10+) → (9+)
585.6 0.9(2) 1.14(8) 0.55(30) (12+) → (11+)
683.0 2.7(3) 1.60(17) 0.96(9) 8(−) → 6(−)
747.8 1.5(1) 1.1(3) 8(−) → 7(−)
766.5 3.2(3) 0.97(13) 7(−) → 5−
799.8 1.7(4) 0.96(17) 9(−) → 7(−)
805.4 2.1(1) 0.90(8) (9+) → (8+)
817.9 1.8(1) 0.95(13) 0.59(8) (8+) → (7+)
829.5 5.2(2) 1.73(19) 0.94(8) 12(−) → 10(−)
840.4 20.2(10) 1.51(6) 0.92(11) (9+) → (7+)
894.4 8.8(3) 1.65(12) 0.98(8) 10(−) → 8(−)
900.8 12.9(10) 1.60(8) 1.11(11) 8(−) → 6(−)
913.5 1.5(2) 1.24(13) (10+) → (8+)
975.5 2.7(3) → (10+)
1003.0 1.6(1) 1.15(18) 11(−) → 9(−)
1009.5 0.5(1) 1.02(22) 13(−) → 11(−)
1164.5 8.3(7) 1.70(28) 0.96(8) (11+) → (9+)
1178.6 3.2(3) (12+) → (10+)
1201.7 2.0(1) 1.50(26) 1.07(16) 9(−) → 7(−)
1302.4 0.9(3) (14−) → (12−)
1406.0 1.1(1) (13+) → (11+)
a Intensities are normalized to the 183.0 keV transition.
b DCO ratios gated by dipole transitions.
c DCO ratios gated by quadrupole transitions.
d Adopted from previous work [14].
identiﬁed. In the level scheme construction, we adopt the spins
and parities of low-lying states from Ref. [14] and determine spins
of the new-found levels on the basis of the DCO ratios of tran-
sitions connecting them. The yrast band (labeled as (a)) is the
most strongly populated in 74As. It comprises a pair of signature
partners and is established on the 595.5-keV level with respect to
which the spin values of levels in yrast band (a) are all deduced.
A 280.5-keV transition is found depopulating the state at 595.5 keV
and feeding the (5+) state directly (see Fig. 1). The DCO value
for 280.5-keV transition suggests a I = 2 multipolarity. Thus,
the spin assignment (7+) is tentatively made for the 595.5-keV
level. The ordering of transitions below the 595.5-keV (7+) level is
based on relative intensities and then conﬁrmed by the observa-
tion of intraband transitions. The α = 1 branch of band (a) consists
of 840.4-, 1164.5- and 1406.0-keV transitions. The DCO ratios for
840.4-, 1164.5-keV transitions are all consistent with the values
expected for stretched E2 transitions, and therefore spin and parity
values of (9+) and (11+) are assigned to 1435.9- and 2600.4-keV
levels. Due to the poor statistics of the 1406.0-keV transition, the
DCO for this transition cannot be extracted. The α = 0 branch ofband (a) consists of 913.5- and 1178.6-keV transitions. The place-
ments of the 2007.4-keV (10+) state and the 3186.0-keV (12+)
state are certain due to the observation of a 571.5-keV transition
feeding the 1435.9-keV (9+) state and a 585.6-keV transition feed-
ing the 2600.4-keV (11+) state.
Another positive parity sequence labeled as (c) has been dis-
covered from the coincidence data. Its position in the level scheme
is ﬁxed by a number of connecting transitions to band (a). Many
of lines in sequence (c) and connecting transitions can be seen in
Fig. 2(a) which is gated on the 280.5-keV γ -ray. Within the se-
quence, the DCO ratios of the 485.9- and 530.5-keV decays are
characteristic of I = 1 transitions. The DCO ratios of 805.4- and
817.9-keV transitions decaying to band (a) also imply I = 1 tran-
sitions. These are all consistent with tentative spin of 8 for the
1413.4-keV level. Positive parity is likely for this sequence because
all the decays out of this sequence feed the positive-parity states.
In addition to the yrast band (a), a high-spin structure of nega-
tive parity (labeled as (b)) has been found for the ﬁrst time. In the
previous study [14,16], the level at the energy of 546.9 keV was
identiﬁed and decayed via the 211.6-keV transition to the Iπ = 5−
state at 335.3 keV. The DCO ratio for the 211.6-keV γ -ray transi-
tion in the present work is consistent with I = 1 multipolarity.
This fact ensures the spin assignment I = 6 in Ref. [14] to the
state at 546.9 keV in band (b). Negative parity is very likely be-
cause no decay is observed from this state to positive-parity states.
Thus 6(−) is tentatively assigned to the 546.9-keV state. By inspect-
ing the spectrum gated on the 271.5-keV transition in Fig. 2(b),
the Iπ = 6(−) state is fed by a sequence of γ -rays of 900.8-,
894.4-, 829.5- and 1302.4-keV. The placements of these transi-
tions in the level scheme are based on their relative intensities.
New 766.5-, 799.8-, 1003.0- and 1009.5-keV transitions are ob-
served in the present work and they build another negative-parity
decay sequence feeding the Iπ = 5− state. Based on the coinci-
dence pattern and relative intensity, the 1101.8-, 1901.6-, 2904.6-
and 3914.1-keV states are established. The measured DCO ratios for
the 766.5-, 799.8-, 1003.0- and 1009.5-keV transitions indicate that
these are stretched quadrupole transitions and thus the 1101.8-,
1901.6-, 2904.6- and 3914.1-keV states should have a spin of 7, 9,
11 and 13, respectively.
The formation of a low spin negative-parity structure (d) has
been observed. It consists of 699.9-, 764.7- and 1199.4-keV levels.
The relative placement of this structure was determined by the
153.0-keV decay from the 699.9-keV level to 546.9-keV level, the
429.4-keV decay from the 764.7-keV level to 335.3-keV level and
the 499.5-keV level from the 1199.4-keV level to 699.9-keV level.
The 1201.7-keV transition assigns negative parity to the 699.9-keV
state since it is an either I = 2 or I = 0 transition decaying
from the negative-parity state. Negative parity has been tentatively
assigned to 1199.4- and 764.7-keV states based on the I = 2 or
I = 0 nature of 499.5-keV decay to the 699.9-keV state and the
217.8-keV decay to 546.9-keV state. Fig. 2(c) shows the most of the
transitions in this negative structure.
The CNS approach has been highly successful in describing the
high-spin rotational structures in the A ∼ 80 mass region [24–26].
Without pairing entangled, the unique virtue-crossing-removing
procedure in the CNS approach enables the accurate tracing of a
ﬁxed conﬁguration for a considerable spin range. In this Letter,
the CNS calculations are carried out in a quadrupole and hex-
adecapole deformation mesh (ε2, γ , ε4) with the A ∼ 80 Nilsson
parameters [27]. The π(1g9/2)p ⊗ ν(1g9/2)n is used to label the
conﬁgurations relative to 5628Ni, and other valence protons or neu-
trons will occupy the low- j (1 f5/22p) orbitals. It is found that the
π(1g9/2)1 ⊗ ν(1g9/2)5 and π(1g9/2)1 ⊗ ν(1g9/2)4 conﬁgurations
are mostly energetically favored for the positive and negative
parity collective bands in 74As, while the π(1g9/2)0 ⊗ ν(1g9/2)3
62 S.P. Hu et al. / Physics Letters B 732 (2014) 59–64Fig. 3. The potential energy surfaces of the calculated π(1g9/2)1 ⊗ ν(1g9/2)5 band
in 74As. The energy difference between neighboring equipotential lines is 0.25 MeV.
Fig. 4. The potential energy surfaces of the calculated π(1g9/2)1 ⊗ ν(1g9/2)4 band
in 74As.
conﬁguration is lowest in energy for noncollective 2− , 3− and
4− states. Several selected potential energy surfaces (PESs) for
the π(1g9/2)1 ⊗ ν(1g9/2)5 and π(1g9/2)1 ⊗ ν(1g9/2)4 conﬁgura-
tions are shown in Fig. 3 and Fig. 4. It is seen that three triaxial
minima arise and locate at deformations around ε2 ∼ 0.30 and
γ ∼ ±40◦ and −80◦ , which correspond to a triaxial shape rotating
around the shortest, intermediate and longest axes, respectively.
We also carried out the calculations with pairing by using the
Cranked Nilsson–Strutinsky–Bogoliubov (CNSB) model [28], where
the monopole pairing is included. The results show that the gen-
eral picture is similar to the unpaired results. Due to the trans-
parency by using the unpaired approach and the consideration of
reduction of pairing correlation in the odd–odd nucleus, we still
prefer using the unpaired CNS approach in the present discussion.
The evolution of single particle energies at different deforma-
tions and rotational frequencies is shown in Fig. 5. In the A ∼ 80
mass region, strong gaps exist at both oblate (34, 36) and prolate
(36, 38) nucleon numbers [29], so the coexistence of prolate and
oblate shapes has been extensively discussed. It has been demon-
strated that the triaxial deformed gaps of Z(N) = 32,44 exist at
γ ≈ 30◦ [30]. A profound triaxial gap is essential for the forma-
tion of the triaxial deformation in nuclei. The high- j 1g9/2 oblate
orbital π [404]9/2 is strongly aligned even at a small rotational
frequency as shown in Fig. 5. As a result, an odd Z = 33 shell
gap for (ε2, γ ) = (0.3,40◦) is persisted in the rotational frequency
range. For the neutrons, the half-ﬁlled high- j 1g9/2 orbital has
strong driving force to the prolate shape, as seen in Fig. 5 where
a less pronounced neutron gap of N = 40 arises near the equi-
librium deformation (ε2, γ , ε4) = (0.3,40◦,0), as seen in Fig. 5,
which deﬁnes the favorable neutron conﬁguration. Thus, the posi-
tive (negative) parity yrast bands are most likely to be built upon
the two signature branches of the ν[422] 5/2 (ν[301] 3/2) orbitals.Fig. 5. The evolution of single particle energies. The solid, dotted, dashed and dash-
dotted lines indicate orbitals whose parity and signature combinations are (+,1/2),
(+,−1/2), (−,1/2), (−,−1/2). The asymptotic quantum number [NnzΛ]Ω of the
leading order at ω = 0 is primarily for labeling the orbitals as the wave functions
would further mix up even exchange components in the fast rotation. This ﬁgure
suits the discussion on both protons and neutrons since their level structure are
similar in the interested region.
Fig. 6. The experimental and theoretical rotating energies and their differences in
74As. The solid and open symbols indicate α = 0 and α = 1 bands, respectively. The
energies of a rotational liquid drop are subtracted. In (c) and (d), the circles and
squares indicate the π(1g9/2)1 ⊗ ν(1g9/2)5 and π(1g9/2)1 ⊗ ν(1g9/2)4 bands with
the positive- and negative-γ deformations, respectively. The up triangles in (d) in-
dicate the states with the conﬁguration π(1g9/2)0 ⊗ ν(1g9/2)3. The yrast states are
linked by the solid and dashed lines for positive and negative parity states respec-
tively. The circles around the data point indicate the termination states.
The theoretical rotational energies, minimized around two min-
ima γ ∼ ±40◦ on the potential energy surfaces, are compared
with the experimental data in Fig. 6. For the positive parity bands,
the (ε2, γ ) ∼ (0.32,40◦) minimum is lower in energy for I  12h¯.
For I  13h¯, the α = 0 band by rotating around the intermediate
axis becomes energetically favorable, mainly because the N = 40
gap also appears at (ε2, γ ) ∼ (0.30,−40◦) and perseveres at large
rotating frequencies. It is interesting to note that the signature
inversion at I = 11h¯ appears in the experiment data and the
S.P. Hu et al. / Physics Letters B 732 (2014) 59–64 63Fig. 7. The energy staggering of positive and negative parity bands in 74As. The
squares and circles indicate experimental and theoretical data. The solid and open
symbols indicate α = 0 and α = 1 bands respectively.
calculations. The experimental and calculated energy staggerings
E = E(I) − [E(I + 1) + E(I − 1)]/2 for the positive parity bands
are shown in Fig. 7(a). The staggering pattern is well reproduced
by the CNS mesh calculations although the magnitudes are some-
what overestimated. The favored signature of a high- j orbital is
usually deﬁned as α f = 12 (−1) j−1/2, and therefore the favored sig-
nature of the π(1g9/2)1 ⊗ ν(1g9/2)5 conﬁguration is α f = 1. An
interesting feature of band (a) is that the α f = 1 branch is favor-
able at low spins and becomes higher in energy at high spins. On
the contrary, for the systematic signature inversions observed in
the A ∼ 80, A ∼ 130 and A ∼ 160 regions, the favored branch is
higher in energy at low spins and becomes favorable at high spins
[31–35]. In Fig. 6(c), large signature splitting is predicted for the
bands with rotation around the intermediate axis and the favored
band is the α = 1 branch for the whole spin range. The abnor-
mal signature inversion observed in band (a) may be interpreted
as the effect of unpaired crossing. In Fig. 5, where the neutron sin-
gle particle routhians are plotted at γ = 40◦ , an unpaired crossing
occurs for the ν[422] + 5/2 orbital at h¯ω ∼ 0.22 MeV, which leads
to the crossing for the signature partner ν[422] ± 5/2 orbitals at
h¯ω ∼ 0.42 MeV, due to which the favored signature changes from
+1/2 to −1/2 for the last neutron orbital. This effect may be re-
sponsible for the origin of the observed signature inversion at high
spins in the band (a). As shown in Fig. 5, a second unpaired cross-
ing is predicted for the ν[422] − 5/2 orbital at h¯ω ∼ 0.85 MeV
which leads to the second crossing between the signature partner
orbitals at h¯ω ∼ 1.15 MeV. The resulting second signature change
for the last neutron orbital would occur at too high spin to be
measured. At triaxial deformation, such unpaired crossing and the
resulting crossing of signature partner orbitals are often presented
for the high- j orbitals in the routhian diagram. The crossing of
the signature partner orbitals, resulted by the unpaired crossing,
provides an useful basis to understand the signature inversion phe-
nomenon, including most cases of observed signature inversions,
which occur at low spins. Only at large triaxial deformation or
even being closer to an oblate shape, both the ﬁrst and the second
crossings of signature partner orbitals could be well established in
a reasonably large range of rotational frequency. Unfortunately, no
large enough angular momentum is brought in the present reac-
tion system, and the observed maximal spin is only 13h¯, which is
far less to observe the proposed second signature change for the
last neutron orbital.
For the negative parity 2− , 3− and 4− states, the π(1g9/2)0 ⊗
ν(1g9/2)3 conﬁguration is the lowest in energy in the CNS calcu-
lations. The ground state 2− is predicted to be an oblate shape
with (ε2, γ ) = (0.235,−60◦), while energy minima of the PESs for
the 3− , 4− states locate around (ε2, γ ) = (0.235,60◦), i.e., these
two states are predicted to be K-isomers, which is consistent with
the measured long lifetime of 4− (t1/2 = 1.0 ± 0.1 ns) [20]. For
the π(1g9/2)1 ⊗ ν(1g9/2)4 conﬁguration, there are also three localminima on the potential energy surfaces, as shown in Fig. 4. How-
ever, the minima on the PESs for the 2− , 3− and 4− states are
much higher than those of the π(1g9/2)0 ⊗ ν(1g9/2)3 conﬁgura-
tion. The π(1g9/2)1 ⊗ ν(1g9/2)4 conﬁguration becomes yrast only
when I  5h¯ and the nucleus undergoes the rotation from around
the intermediate to the shortest axis. Our calculations also suggest
the quadrupole deformation of the negative parity states is gener-
ally smaller and more close to the oblate shape than the positive
parity states at the same spin, which could be well understood
by knowing that one more neutron occupies the 1g9/2 intruders
for the positive parity conﬁguration π(1g9/2)1 ⊗ν(1g9/2)5. The re-
sulted transition quadrupole moments ∼0.8 eb for the negative
parity states are much smaller than ∼1.3 eb of the positive parity
band states. In addition, the general behavior and signature split-
ting above 5h¯ are also well reproduced in the CNS calculations.
4. Summary
In summary, the high spin states in 74As have been investi-
gated via heavy ion fusion evaporation reaction 70Zn(7Li,3n)74As.
The rotational bands have been greatly extended to be close to the
terminating states. The Cranked Nilsson–Strutinsky calculations are
carried out for the understanding of the structure of the observed
low-lying states. The PES results suggest that the observed positive
parity and negative parity bands have a well deﬁned triaxial shape
and their conﬁguration contains the high- j orbitals of 1g9/2 shell.
The observed abnormal signature inversion in the positive parity
bands may be explained as the origin of unpaired crossing. The
ground sate 2− is predicted to be of oblate shape, and the low ly-
ing states 3− and 4− are predicted to be K isomers by the present
calculation.
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